The aquaporin family of channels was defined based on the inhibition of water transport by mercurial compounds. Despite the important role of mercurials, little is known about the structural changes involved upon mercury binding leading to channel inhibition. To elucidate the mechanism we designed a mutant, T183C, of aquaporin Z (AqpZ) patterned after the known mercury-sensitive site of aquaporin 1 (AQP1) and determined the X-ray crystal structures of the unbound and mercury blocked states. Superposition of the two structures shows no conformational rearrangement upon mercury binding. In the blocked structure, there are two mercury sites, one bound to Cys183 and occluding the pore, and a second, also bound to the same cysteine but found buried in an interstitial cavity. To test the mechanism of blockade we designed a different mutant, L170C, to produce a more effective mercury block at the pore site. In a dose-response inhibition study, this mutant was 20 times more sensitive to mercury than wild-type AqpZ and four times more sensitive than T183C. The X-ray structure of L170C shows four mercury atoms at, or near, the pore site defined in the T183C structure and no structural change upon mercury binding. Thus, we elucidate a steric inhibition mechanism for this important class of channels by mercury.
Introduction
Aquaporins (AQPs) are integral membrane channel proteins that mediate the bi-directional flux of water and selected small amphipathic molecules across cellular membranes. 1 In the field of channel biology, selective inhibitors including naturally occurring toxins and organic molecules have played key roles in defining function, 2 but AQPs have no such specialized inhibitors. Mercurial compounds were found to reduce water transport in the red blood cell membrane to that of a bilayer and so defined the presence of a cellular water channel. 3 This selective inhibition subsequently allowed for aquaporin isolation, 4 cloning, 5, 6 membrane transport characterization, 7 and mercury sensitivity mutational analysis. 8, 9 The precise mechanism of AQP inhibition by mercury is still undetermined.
The AQP fold is a right-handed bundle of six transmembrane (TM) helices and two half-spanning helices (named M1-M8) with the pore running through the center of the helical bundle. There is a quasi 2-fold symmetric relationship between the Nterminal portion of the polypeptide chain (M1-M4) and the C-terminal portion (M5-M8) from early gene duplication. In the membrane, AQPs occur as homotetramers of four monomer channels related by a 4-fold symmetry axis (Figure 1(a) ). The AQP family is divided into two subfamilies, the water selective channels and those with a more promiscuous selectivity for both water and other small amphipathic molecules such as glycerol (aquaglyceroporins). 13 A comparison of GlpF, AQP1, and the other recently determined structures, shows that the AQP fold is conserved. [14] [15] [16] [17] AQPs are identified by two asparagine-proline-alanine (NPA) sequence motifs located at the ends of the two quasi 2-fold related half-spanning helices M3 and M7 (Figure 1(b) ). The selectivity filter, a constricted region formed by four residues near the periplasmic/extracellular entrance, provides distinguishing Abbreviations used: AQP1, aquaporin 1; AqpZ, aquaporin Z; TM, transmembrane; GlpF, glycerol facilitator; WT, wild-type; IC 50 , half maximal inhibitory concentration; RMSD, root mean square deviation; BME, 2-mercaptoethanol; AD, anomalous diffraction; RT, room temperature.
E-mail address of the corresponding author: savage@msg.ucsf.edu features that identify the subfamilies (Figure 1 (b) and (c)). In water selective AQPs this region is smaller and more polar and contains a conserved histidine, while in aquaglyceroporins it is larger and more hydrophobic with two conserved aromatic residues. 13 Thus, the AQP architecture is conserved and it is the pore side-chains that modulate specific functional differences (Figure 1(c) ).
Mercurials can bind non-selectively to accessible cysteine residues, but in AQPs, due to a decrease in solvent accessibility from the membrane bilayer, mercury typically binds selectively to residues associated with the pore. In the mutational analysis of AQP1, removal of endogenous cysteine residues identified Cys189 as the one responsible for mercury sensitivity and predicted its pore location. Confirmation of Cys189 as a pore residue came from the first atomic resolution AQP structure, that of the Escherichia coli glycerol channel (GlpF), 10 and the later AQP1 structure 11, 12 showed precisely how the cysteine, not present in the GlpF sequence, was oriented. The structure of AQP1 was determined with protein obtained from natural sources so is not conveniently amenable to mutation and mercury was not used in the structural analysis. To understand the mechanism of mercury inhibition in AQPs we focused our efforts on the bacterial homolog of AQP1, AqpZ. 18 AqpZ contains the water-selective sequence motif of AQP1 at the selectivity filter, has functionally been described as a water channel, 19 is not mercury sensitive, can be over-expressed and mutated, and its X-ray structure has previously been determined in our laboratory. AqpZ is thus a useful model system for probing the relationship between structure and function ( Figure 1 ).
14,20

Results
Structure of mutant T183C complexed with mercury
AqpZ and AQP1 are both functionally characterized as water-selective channels and have an identical selectivity filter except that AqpZ lacks the well-described mercury-sensitive cysteine of AQP1 (Thr183 in AqpZ, Cys189 in AQP1). Based on this similarity, we postulated that a mutant of AqpZ lacking all endogenous cysteine residues but including the known mercury-sensitive site of AQP1, would serve as a model for AQP1 ( Figure  1(c) ). The two endogenous cysteine residues of AqpZ were replaced with serine by mutagenesis, and the AQP1 mercury-sensitive site was introduced via mutation Thr183Cys (protein hereby denoted T183C). This mutant, T183C, was expressed, purified, and crystallized in the presence or absence of HgCl 2 to determine the structural implications of mercury binding. The crystals diffracted to atomic resolution, and the two structures were solved by molecular replacement using the previously published structure of WT AqpZ (Protein Data Bank (PDB) code 1RC2).
14 The final resolution cutoffs were 2.30 Å and 2.20 Å, and the R free statistics for the refined structures were 23.8% and 24.2% for the apo and mercury-bound forms, respectively ( Table 1 ). The overall structures of both the apo and complexed forms display the canonical AQP fold ( Figure  2 (a) and (b)). 10 Superposition of the structures shows that there is no significant conformational change between the two forms, and the root mean square deviation (RMSD) of the main chain α-carbon atoms is 0.27 Å.
A calculation of the channel surface (Figure 2 (c)) using van der Waals radii with the program HOLE2 21 reveals a 20 Å long pore resembling the wild-type (WT) structure. The most striking feature of the complex structure is the two large electron density peaks of the mercury atoms and their unexpected location; one is located directly in the pore and one is interstitially bound in a cavity just outside the pore (Figure 2(c) ). T183C-Hg1 (nomenclature is mutant followed by mercury atom number), the mercury in the pore, is located roughly halfway between the NPA region and the narrow selectivity filter. It makes favorable electrostatic contacts with the main chain carbonyl of S184 (3.3 Å) and the imidazole ring of His174 (3.7 Å). Somewhat surprisingly, T183C-Hg1 is approximately 5.6 Å away from Cys183 and is 3.9 Å to the closest water. T183C-Hg2, the mercury outside of the pore, is bound to Cys183 (distance of 4.0 Å) and resides in a hydrophilic pocket formed by conserved Glu138 and Ser177 where it makes favorable electrostatic interactions of 2.6 Å and 3.1 Å, respectively.
The thiol-mercury bond distances are considerably longer than the ideal length of 2.5 Å and noise in difference maps suggests that both mercury atoms are disordered and at partial occupancy. We therefore carried out joint occupancy and anisotropic B-factor refinement in SHELX. 22 In this calculation, T183C-Hg1 and T183C-Hg2 refine to occupancies of 0.24 and 0.32, respectively, suggesting a higher affinity or less disorder at the interstitial site. The anisotropic displacement parameters for T183C-Hg1 suggest disorder parallel to the channel axis, while T183C-Hg2 is disordered between residues Glu138 and Cys183. This disorder can also be observed in the 2F o -F c electron density (Figure 2(c) ).
Based on these results, we hypothesized that the mercury site in the pore produces a steric block of the channel. To test this hypothesis we designed an optimized mercury-binding site in the pore, to provide a "switch" as a probe of conductance in AqpZ. This new mutation, Leu170Cys in the cysteine-less background, was intended to bind mercury only at the site within the pore. We next biophysically characterized WT, T183C, and L170C to determine their relative mercury sensitivities. 
Kinetics of water flux and mercury inhibition
Flux through the AQP channel was assayed in osmotically driven liposome permeability experiments. 19 AqpZ is a water-selective channel with high rates of conduction and we first sought to determine the activity of WT, T183C, and L170C. Purified proteins were reconstituted into liposomes and kinetics assayed in a stopped-flow device by mixing proteoliposomes with a hyperosmolar reconstitution buffer to drive water efflux. The resulting proteoliposome shrinkage was measured by light scattering and the curve fit to an exponential equation with a single rate constant. Raw light scattering data are provided in Figure 3 (a), along with the fitted curves. We measured the rates of WT, T183C, and L170C to be 73.9( ± 0.4) (standard deviation) s − 1 , 57.3( ± 0.5) s − 1 and 39.0( ± 0.4) s − 1 , respectively, indicating that all proteins are functional water channels. Thus, WT has the fastest rate of conduction, T183C is slightly slower, and L170C much slower. Control liposomes without protein had rates of 4.6( ± 0.1) s − 1 . In order to ascertain the role of HgCl 2 as an inhibitor we determined the half maximal inhibitory concentration (IC 50 ) using a dose-response relationship. In this experiment proteoliposomes were incubated with various concentrations of HgCl 2 and then assayed for water conduction as described above. The results (Figure 3(b) ) demonstrate that WT is the most sensitive to inhibition by mercury. The mutants, as expected, are inhibited at progressively lower concentrations with IC 50 s of 345 μM, 84 μM, and 18 μM for WT, T183C and L170C, respectively, 19 and thus, L170C is the most sensitive to mercury. HgCl 2 did not affect control liposomes and mercury inhibition was reversible with the addition of 5 mM 2-mercaptoethanol (BME) following mercury incubation (data not shown). 
Structure of mutant L170C blocked by mercury
Since L170C has a heightened sensitivity to mercury we determined the X-ray structure of the apo and complex forms. L170C was over-expressed, purified, and crystallized with and without mercury using HgCl 2 as an additive. Diffraction data were collected to 2.55 Å and 1.90 Å for the apo and complex proteins, respectively, and the structures were solved by molecular replacement. As described in Materials and Methods, the model was built and refined iteratively to an R free of 28.0% and 19.5% for the apo and complex forms, respectively (Table 1) . Like T183C, L170C displays the same AQP canonical fold, and also like T183C, shows very little structural difference between the apo and complex form. The superposition (RMSD 0.27 Å) is shown in Figure 4 (a).
As we predicted, introduction of a cysteine residue at position 170 increases the affinity at the T183C-Hg1 site, and we were able to locate four mercury atoms (named L170C-Hg1, L170C-Hg2, L170C-Hg3, and L170C-Hg4) near the NPA region between Cys170 and His174. These atoms are clustered together, as indicated in the channel pathway of Figure 4 (b) and (c). L170C-Hg2, L170C-Hg3, and L170C-Hg4 lie directly in the pore, while L170C-Hg1 is at the edge (Figure 4(c) ). The occupancies of L170C-Hg1, L170C-Hg2, L170C-Hg3, and L170C-Hg4 were refined to 0.40, 0.23, 0.20, and 0.18, respectively. L170C-Hg2 is covalently bound to Cys170 at the distance expected for a sulfur-mercury bond length (2.6 Å). L170C-Hg2 is also at the proper Hg dinuclear complex distance from L170C-Hg1 (2.5 Å), L170C-Hg3 (2.3 Å), and L170C-Hg4 (2.4 Å) and there is continuous electron density between all mercury atoms at 1.5 σ in a 2F o -F c map. L170C-Hg2 may therefore mediate the binding of a second mercury in the pore at any of the three other positions. L170C-Hg3 lies directly in the pore at the same site as T183C-Hg1 (magenta double cross in Figure 4 (c)) and may interact with the imidazole ring of H174 (3.8 Å) in a similar manner.
Discussion Aquaporins and mercury inhibition
Even after the knowledge of the extreme toxicity of mercury and its various compounds, it continued to find use in disinfectants, cosmetics, and a suite of socalled medicines. 23 Mercurials attack the reactive thiol moiety of cysteine found in nearly all proteins and are known to have a host of side effects including polyuria induced by AQP2 inhibition in the apical membrane of the kidney collection tubule. 24 Due to its affinity for thiols, mercury has been useful in chemical probes of protein-mediated biological processes, as it was in defining the water channels as proteins. Mercury as a pore blocker has been instrumental in characterizing the AQP channel and revealing the role of AQPs in membrane transport for numerous tissues. 6, 7 Steric inhibition by mercury
We located two mercury atoms in the T183C-mercury complex X-ray structure. These atoms, T183C-Hg1 and T183C-Hg2, are located in the pore and at an interstitial site, respectively. Given that T183C is four times more sensitive to mercury than WT, we sought to establish the relevance of each site to this important functional result and therefore determine whether the mechanism is steric or rooted in conformational rearrangement.
The most obvious explanation for inhibition is that T183C-Hg1, due to its location, directly blocks the pore and inhibits through a steric mechanism. This is further supported by the fact that there is little structural change between the apo and mercurycomplexed forms (Figure 2(a) ). Divalent mercury has a small ionic radius of 1.10 Å, which would explain the lack of structural perturbation and its ability to bind deep within the protein (T183C-Hg2). But, while steric blockage is both supported by the data and simple, can we rule out conformational change?
Occupancy refinement revealed that both T183C-Hg1 and T183C-Hg2 are present at significantly less than unity (0.24 and 0.32, respectively). Since the mercury sites are of low occupancy, they may occur (i) alternately in different channels, i.e. they may be exclusive of one another, or (ii) they may both be bound, either cooperatively or uncooperatively, and have a lower occupancy for reasons outlined below. In either case, any changes in the protein around a partially occupied site would also be of low (∼ 0.3) occupancy, and so be difficult to refine as multiple conformers. This could be particularly important for T183C-Hg2, bound to the highly conserved Glu138.
Rearrangement of Glu138 could perturb the essential water-coordinating carbonyl groups and potentially disrupt water flux. However, inspection of F o -F c difference maps reveals an increased noise level (Figure 6(a) and (b) ), but no obvious alternate conformer. Also the potentially cleaner F o (apo)-F o (Hg) maps between observations per se were not possible due to the degree of lack of isomorphism (Table 1) . Thus, distinguishing between a steric mechanism and one involving a conformational change of the protein is difficult.
Favoring the more simple steric mechanism, we set out to show blockage occurs at the T183C-Hg1 site through creation of a new cysteine mutant. To differentiate between the steric and conformational mechanism, such a mutant should bind mercury only at the pore site. Furthermore, the lower occupancy of T183C-Hg1 and longer thiol-mercury distances (5.6 Å versus 4.0 Å) relative to T183C-Hg2 suggest the T183C-Hg1 interaction with Cys183 is not ideal. We can thus hypothesize that a structurally optimized mutant would also be more sensitive to mercury. In this region, the pore is formed mostly by main chain water-coordinating carbonyl groups and side-chains from selectivity filter residues. Among the few side-chains that project into the pore near T183C-Hg1, Leu170 is positioned closely to the site (Figure 4(c) ). Thus, mutant L170C should be functionally sensitive to mercury, only bind mercury at the pore site, and therefore support a steric blockage model.
In inhibition assay we determined that L170C, with a cysteine at the proposed steric blockage site, is actually the most sensitive to mercury with respect to WT and T183C. Furthermore, this increase in sensitivity is also echoed in the structure. As with T183C, there is little evidence of conformational change upon mercury binding. Instead, there is complete occlusion of the pore and importantly, there are no interstitially bound mercury atoms to disturb the water-coordinating carbonyl groups. There are four mercury atom positions in the pore clustered around the introduced cysteine that refine to occupancies of 0.40, 0.23, 0.20 and 0.18 for L170C-Hg1, L170C-Hg2, L170C-Hg3, and L170C-Hg4, respectively. It is therefore possible that these sites actually represent one mercury atom that is blocking the pore and is statistically disordered throughout the crystal lattice. Or, because of the low occupancy values, these sites may reflect mercury conformations that exist alternately in different blocked channels. Based on bond lengths, an attractive model is that L170C-Hg2 would be directly bound to Cys170 and then form a dinuclear mercury complex with one of three other mercury atoms. In either case, we conclude that although there may be multiple conformations of a blocked channel in L170C, the mechanism is a steric one. Finally, because the mercury atom sites in the L170C structure are at the same position as T183C-Hg1, T183C (and by analogy AQP1) may also be blocked in a steric manner.
Water permeability of AqpZ reconstituted into liposomes
Using a proteoliposome-based assay we measured the water conduction rates and determined that both mutants were active at lower conductances than for WT. While this decreased permeability may result from perturbation of the protein native state due to mutation, the decrease also appears to correlate with the introduction of a more polar cysteine side-chain into the hydrophobic pore. T183C shows a moderate decrease in rate and the cysteine rotamer points away from the pore, while L170C shows a much larger decrease and the side-chain is in the pore (Figures 2(c) and 4(c) ). AQPs most likely achieve high conduction rates by partially stabilizing the substrate, similar to an idea suggested for ion channels. 27 In this case water is stabilized as a line of molecules against eight carbonyl groups, the guanidium group of Arg189, and N δ2 moieties from the two conserved asparagine residues of the NPA motifs, in an otherwise hydrophobic channel. Introduction of a polar pore residue therefore increases channel water affinity and decreases flux.
Mercury and WT AqpZ
We unexpectedly discovered that WT AqpZ is also inhibited by HgCl 2 . The WT protein contains two (Cys9 and Cys20) endogenous cysteine residues, which can presumably bind mercury, but attempts at co-crystallizing WT with mercury to justify this were unsuccessful. Problems with cocrystallization suggest non-specific binding, so the pore itself may have some low affinity for mercury due to the presence of histidine and other polar side-chains. We measured the IC 50 of a mutant in which both endogenous cysteine residues were mutated to serine to be roughly 1 mM (data not shown). In light of this result it may be inappropriate to classify AQPs as either distinctively mercury-sensitive or insensitive. The ionic radius of Hg 2+ is even smaller than water (1.10 Å) and so regardless of the presence of a pore cysteine, it may become partially stabilized by the partial negative charge on the carbonyl oxygen atoms and the imidazole ring of His174. Therefore, at higher (i.e. millimolar) mercury concentrations all AQPs may be inhibited. This also suggests that there may be other charged inhibitors, possibly by the mechanism outlined above. 28, 29 Mercury and the tetrameric axis A steric mechanism with no significant structural change also validates the use of mercury to distinguish between conduction through the tetramer axis and the monomer pore. As described above, Figure 5 . Mercury blocks the monomer channel. While AQPs are tetramers in the membrane, the monomer is the functional unit. By imposing crystal symmetry on both the apo (grey) and complex structures (blue), T183C is drawn as a tetramer in cartoon representation. MercuryHg1, with its proper van der Waals radius, is drawn as a sphere blocking the channel. Note there is almost no structural change to the tetrameric axis.
the arrangement of the helical bundle monomer creates a 4-fold symmetric channel running parallel to the monomer channel ( Figure 5 ). This 4-fold axis is hydrophobic, of larger dimensions than the monomer channel, and previous X-ray structures indicated the presence of some as yet undetermined molecules. Both experimental and computational studies have investigated possible substrates, including water, ions, 25 and CO 2 . 26 The mercurybound structure of T183C, along with a simple steric blockage at the proposed site, suggests that conduction studies using mercury are solely inhibiting the monomer channel.
Mercury dynamics in the pore
Mercury, due to its 80 electrons and aggressive thiol attacking nature, is one of the most common heavy atom derivatives for de novo phasing of X-ray crystal structures via isomorphous replacement and, to a lesser extent, anomalous diffraction (AD). 30 The lack of successful mercury-based AD experiments can be partially attributed to the success of other approaches, such as selenomethionine incorporation, but one emerging reason for the failure of mercury in AD experiments is the labile nature of the thiolmercury bond under X-ray radiation exposure. 31, 32 It was our initial intent to solve the mercury-complex structures with unbiased experimental phases using either isomorphous replacement or AD methods, as this would allow unambiguous identification of mercury sites. Mercury bound crystals were not isomorphous to the native dataset (Table 1 ) so we adopted a multiwavelength AD strategy. We were unable to obtain interpretable experimental maps and subsequently solved the structure by molecular replacement. Mercury sites in both structures were located by a combination of anomalous difference and omit maps combined with thorough investigation of each putative site's chemical environment. During refinement of both mercury bound structures, it became clear there was significant motion in mercury atoms bound to the introduced cysteine residues. F o -F c difference maps (Figure 6(a) and (b) ), which show differences between the observed data and model, show small (less than three electrons) "noisy" positive peaks after anisotropic refinement of the individual mercury sites. Based on their small size and proximity to adjacent Hg sites, we attribute these peaks to radiation-induced change of the mercury sites and alternate states of the protein as described above.
The difficulty in using mercury as an anomalous scatterer is due in part to the relative ease with which the mercury-thiol bond is cleaved, so we postulate that motion in the mercury peaks also reflects radiation damage-induced cleavage of the mercury atoms' interaction with cysteine. A previous radiation damage study on the problems associated with using mercury has seen solvent-exposed mercury atoms "escaping" over time, while those that are buried are more likely to remain bound to their respective sulfur moiety. 32 Using the L170C structure as a test case, we refine the mercury-bound structure against the data derived only from the first 45 frames (72.9% complete; scaled to the entire dataset) and the resulting omit map is shown in Figure 6 (c). A comparison with omit maps calculated from all of the data, shows that there is indeed a change in the occupancies of sites. This change in occupancy can be seen as diffusion of mercury out of the solvent accessible channel while the more deeply buried L170C-Hg1 shows little motion.
The consequence of such dynamics is not understood, but it does highlight the need for determining exactly what mercury does upon binding. In the case of T183C, new mutants may be used to probe the role of the interstitial site in the absence of mercury bound in the pore. In L170C we know, at least under X-ray exposure, that mercury is dynamic and influenced by the solvent-filled channel. Here, higher-resolution structures will allow more accurate refinement of occupancies and distances, and functional analysis of new mutants (e.g. double cysteine mutants) can be used to further probe the effect of mercury binding. It will also be important to structurally characterize the role of larger mercurials such as p-chloromercuriphenylsulfonic acid, which are extensively used in physiology studies and may have a more complex inhibition mode. Moving away from mercurials, structural studies should be extended to include the recently discovered cationic charged inhibitors, to understand the more general principles of aquaporin inhibition. Such studies may open up new avenues for the discovery of specific small molecule aquaporin inhibitors for clinical use. The mechanisms that we have elucidated and outlined here are a first step towards this important goal.
Materials and Methods
Expression and purification
Mutants of AqpZ were generated by site-directedmutagenesis of the pET28b-AqpZ construct used in the original structure article.
14 Prior to mutagenesis, endogenous cysteine residues were removed via the mutations Cys9Ser and Cys20Ser. The E. coli strain C43(DE3) was transformed, grown to 0.6-1 A 600 nm at 37°C in 2 × LB media, 0.5% (v/v) glycerol, 1× M9 salts, and 25 mg/l kanamycin, and induced with 1 mM isopropyl-D-thiogalactoside (Anatrace). 33, 34 All purification was carried out at 4°C or on ice as necessary. Cells from 6 l of culture were harvested and lysed by a microfluidizer in 20 mM Tris (pH 7.4), 100 mM NaCl, 0.5 mM phenylmethylsulforyl fluoride, 5 mM BME. Membranes were recovered from supernatant by 100,000g centrifugation for 2 h. AqpZ was solubilized from membranes by agitation in 20 mM Tris (pH 7.4), 100 mM NaCl, 5 mM BME, 10% glycerol, 270 mM n-octyl-β-Dglucopyranoside (OG) (Anatrace) for 12-16 h at 4°C. Solubilized protein was bound in batch to Ni-NTA resin (Qiagen) for 1 h, washed with 25 resin volumes of 20 mM Tris (pH 7.4), 100 mM NaCl, 5 mM BME, 10% glycerol, 40 mM OG, 20 mM imidazole, and eluted with 20 mM Tris (pH 7.4), 100 mM NaCl, 5 mM BME, 10% glycerol, 40 mM OG, 250 mM imidazole. Imidazole was removed using a Biorad Econo-Pac 10DG desalting column and the 6xHis tag was removed by digestion with 5 μg of trypsin for 12 h at 4°C. Trypsin was removed by passing over a benzamidine-Sepharose matrix (GE Healthcare), and the protein sample was injected onto a Pharmacia Superose 12 gel filtration column running a mobile phase of 20 mM Tris (pH 7.4), 100 mM NaCl, 2 mM dithiothreitol, 10% glycerol, 40 mM OG. Except as noted, all materials were purchased from Sigma or Fisher. The sample was judged pure and homogeneous by both gel filtration chromatography and Coomassie-stained denaturing gels. Final yields were approximately 10, 7, and 3 mg of protein/l culture for WT, T183C, and L170C, respectively.
Crystalization and data collection
Following gel filtration chromatography, the protein was concentrated to 25 mg/ml using a 30 kDa cutoff Amicon Ultra-15 Centrifugal Filter. Crystals were grown by hanging-drop vapor diffusion at room temperature by 1:1 addition of protein and 25-30% (w/v) polyethylene glycol (PEG) monomethyl ether 2000 (Fluka), 100 mM sodium cacodylate (pH 6.5), and 50-100 mM MgCl 2 . For cocrystallization, divalent mercury in the form of 1-3 mM HgCl 2 was added in batch to the protein sample before mixing with precipitant. In general, the best co-crystals were obtained at slightly lower (2-4%) PEG concentrations than in apo crystallization. Crystals grew to roughly 300 μm × 300 μm × 150 μm over the course of several days and were flash frozen in liquid nitrogen following a brief washing in the mother liquor plus 15% glycerol for cryoprotection. Diffraction intensities were collected on Advanced Light Source Beamline 8.3.1 using an ADSC Quantum-Q210 CCD detector. Prior to data collection on mercury-complex crystals, fluorescence energy scans of the L III mercury edge were taken to verify mercury substitution.
Phasing and model refinement Data were processed with Elves 35 and CCP4 36 (using MOSFLM 37 ) and the structures were solved by molecular replacement with the published WT structure (Protein Data Bank Code 1RC2) using Phaser. 38 The models were refined with iterative cycles of manual building with Coot 39 and restrained refinement with individual B-factor refinement in Refmac5. 40 After several initial rounds of refinement, mercury atoms were located unambiguously by inspecting anomalous difference maps, F o -F c omit maps (peaks of 15-7 σ), and the local chemical environment. Following refinement, the appearance of negative density in F o -F c difference maps indicated that occupancy for mercury atoms was not unity. Occupancies for mercury atoms, along with their anisotropic B-factors were refined using least-squares refinement in SHELXL. 22 
Proteoliposome reconstitution
Before removing the 6xHis tag with trypsin, aliquots of protein were set aside for proteoliposome reconstitution.
E. coli polar lipids were sonicated to clarity and the reconstitution cocktail was prepared by sequentially adding 100 mM Mops (pH 7.5), 51.3 mM OG (1.5%, w/v), 50 μg/ml of purified protein, and 10 mg/ml E. coli polar lipids (Avanti). 20 To reduce oxidation, lipid stocks were stored in 2 mM BME and all buffers were under argon atmosphere. Following cocktail incubation for 1 h at room temperature (RT), proteoliposomes were formed by diluting the mixture 50-fold into a running buffer of 20 mM Hepes (pH 7.5) and harvested by centrifugation at 100,000g for 2 h. Pelleted liposomes were resuspended into 1 ml of running buffer (20 mM Hepes, pH 7.5) and stored at 4°C. Liposome monodispersity was verified by dynamic light scattering with a mean diameter of 90 nm.
To analyze the kinetics of water conduction through the channel, we subjected the proteoliposomes to an osmotic gradient by mixing 1:1 proteoliposomes (final AqpZ monomer concentration of 0.27 μM) and running buffer with osmolyte (20 mM Hepes (pH 7.5), 570 mM sucrose) and measured water efflux (liposome shrinkage) by light scattering in a stopped-flow device at 440 nm. Resulting curves were fit to a single-exponential rate constant (k 1 ) as a measure of conduction to use in comparison between mutants and with inhibitor (n = 5, same liposome preparation). Inhibition of the mutants was accomplished by incubating the resuspended proteoliposomes with the appropriate concentration of HgCl 2 for 1 h at RT prior to stopped-flow analysis (n = 5, same liposome preparation). Data were consistent across multiple protein and liposome preparations.
Protein Data Bank accession codes
The atomic coordinates have been deposited in the RCSB Protein Data Bank and are available under accession codes 209D, 209E, 209F and 209G.
